Abstract. In the present study, we investigated whether the protective effect of FK506 and cyclosporin A (CsA) against in vitro ischemic injury of astrocytes might be mediated through attenuation of cytosolic isoform of phospholipase A 2 (cPLA 2 ) expression and activity as well as inhibition of arachidonic acid (AA) release. On the 21st day in vitro, cultures of rat astrocytes were subjected to ischemia-simulating conditions (combined oxygen glucose deprivation) for 8 h and exposed to FK506 (10 -1000 nM) and CsA (0.25 -10 µM). Obtained data suggest the crosstalk between the action of 0.25 -10 µM CsA as well as 1 µM FK506 on calcineurin (CaN) and cPLA 2 in anti-apoptotic signal transduction pathways. Moreover, we have shown that immunosuppressants at these concentrations protected glial cells against ischemia-induced apoptosis through the increase of cell viability, mitochondrial function restoration, and attenuation of oxidative stress. Finally, in our study, low concentrations of FK506 (10 and 100 nM) exerted limited effects on the assessed parameters. Our findings document a key role either for CaN or cPLA 2 expression attenuation and AA release inhibition in the antiapoptotic effect of FK506 and CsA in ischemic astrocytes.
Introduction
Neuroprotective effect of immunosuppressants, for example, cyclosporin A (CsA) and FK506 (Tacrolimus) has been reported in many experimental models of ischemia in vivo and in vitro, although the precise mechanism is unclear (1 -4) .
CsA and FK506 are ligands of specific intracellular proteins called immunophilins (5) . CsA binds to cyclophilin and FK506 binds to the FK506-binding protein-12. Both types of drug-protein complexes bind to the regulatory subunit of serine / threonine protein phosphatase 2B (calcineurin, CaN), thereby inhibiting its enzymatic activity (6) . Suppression of CaN is recognized as a molecular basis of the immunosuppressive action of CsA as well as FK506. Inhibition of CaN prevents dephosphorylation and consequent nuclear translocation of nuclear factor of activated T cell, which prevents T cell activation and results in immunosuppression (7) . However, many authors postulated that neuroprotective effects of FK506 and CsA could be functionally separated from their immunosuppressive properties (8, 9) . One hypothesis concerning cellular mechanisms of FK506 and CsA protective action is that these compounds act as neuroprotectants, presumably through CaN inhibition, which prevent dephosphorylation / activation of nNOS and subsequent NO mediated toxicity (10, 11) . A link to inhibition of phospholipase A 2 (PLA 2 ) was also suggested since attenuation of free fatty acids liberation was supposed to prevent the assembly of a mitochondrial permeability transition pore (MPTP). As a consequence, it may decrease the permeability of mitochondrial membrane as well as couple respiration and oxidative phosphorylation (12) .
Immunophilins are proteins abundant in the brain, and their expression is dynamically regulated in response to neuronal injury (13, 14) . The numerous evidences indicate also the high expression of CaN in cultured newborn rat astrocytes (15) . Results of experiments carried out in several laboratories suggested the possible therapeutic usage of CsA and FK506 as protective agents towards not only neuronal but also glial cell disturbances after ischemic brain injury (5, 15 -17) . It seems to be extremely important, since astrocytes, being the most abundant glial cell type in the brain, are involved in numerous processes that affect neuronal survival during and after ischemic events. The degenerated astrocytes might not be effective enough to remove and inactivate excessive amount of excitatory amino acids causing excitotoxic stress, death of neurons and oligodendrocytes, and further gliosis (18, 19) . There is a general agreement that increased intracellular free Ca 2+ levels ([Ca
2+
] i ) caused by Ca 2+ influx through voltage-sensitive calcium channels and by Ca 2+ released from the intracellular stores trigger destructive processes that lead to cell injury and death (20, 21) .
In astrocytes, like in neurons, increase in [Ca 2+ ] i induce translocation of cytosolic PLA 2 (cPLA 2 ) to the membrane and selective hydrolysis of arachidonylated phospholipids (22, 23) . cPLA 2 is a Ca 2+ -dependent isoform of PLA 2 found in cytosol mammalian cells (also in astrocytes), that is regulated via direct phosphorylation by mitogen-activated protein kinases (MAPK) and protein kinase C (PKC) (24 -26) . Enhanced expression of cPLA 2 in astrocytes is associated with a number of neurodegenerative diseases and in brain ischemia (27) . Arachidonic acid (AA) released by cPLA 2 from sn-2 position of phospholipids is metabolized by lipooxygenases and cyclooxygenases to prostanoids and free radicals that damage brain cells (28, 29) . Moreover, free AA inhibits glutamate uptake by astrocytes, prolonging its excitotoxic effect (30) .
The present study is focused on mechanisms involved in the protective effect of FK506 and CsA against ischemic injury of astrocytes in vitro. We investigated whether this effect might be mediated through simultaneous attenuation of cPLA 2 and CaN activity. Cell viability, antioxidant response, and mitochondrial transmembrane potential (MTP) as markers of astrocytes metabolism were determined.
Our data indicate the existence of cross talk between the action of 0.25 -1 µM CsA as well as 1 µM FK506 on cPLA 2 and CaN in anti-apoptotic signal transduction pathways. Moreover, we have shown that immunophilin ligands at these concentrations protected glial cells against ischemia-induced apoptosis, as evidenced by the increase of cell viability, mitochondrial function restoration, and attenuation of oxidative stress. Finally, low concentrations of FK506 (10 and 100 nM in our study) did not affect measured parameters. These results indicate that FK506 and CsA might act as protective agents through different mechanisms on ischemic astroglial cells, and that effect of FK506 strongly depends on the concentration used.
Materials and Methods

Cell culture
Astrocytes were isolated from one-day old Wistar rat pups and were cultured essentially according to the method of Hertz et al. (31) . The study was approved by the Local Ethics Committee for the Animal Experimentation. Briefly, hemispheres of newborn Wistar rats were removed aseptically from the skulls, freed of the meninges, minced, and mechanically disrupted by vortexing in DMEM containing penicillin (100 U / ml) and streptomycin (100 µg / ml). The suspension was filtered through sterile nylon screening cloth with pore sizes of 70 µm (first sieving) and 10 µm (second sieving). The cells were counted in a Coulter Z1 counter (Coulter Counter, Buckinghamshire, UK). The concentration of cells in suspension was adjusted to 1 × 10 6 cells / ml. For Hoechst 33342 staining, astrocytes were grown on coverslips covered with poly-D-lysine (100 µg / ml) at a density 3 × 10 5 cell / dish. For MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) conversion assays cells were seeded at 1 × 10 4 on 96-well plates, and for measurement of extracellular release of [ 3 H]AA, cells were cultured in 6-well plates at 3 × 10 5 / dish. The cells destined for Western blot analysis were sieved onto plastic dishes of 100 mm in diameter at the density of 1 × 10 6 / dish. For 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) fluorescence measurements, cells were sieved at 1 × 10 4 / well on 96-well black plates. Subsequently, cultures were incubated at 37°C in 95% air and 5% CO 2 with 95% relative humidity (CO 2 -Incubator; Kebo-Assab, Stockholm, Sweden). The culture medium initially contained 20% of fetal bovine serum (FBS) and after 4 days, was replaced with medium containing 10% FBS. The total volume of culture medium was changed twice a week. The cells were cultured for two weeks until confluence. On 14th day in vitro (DIV), astrocyte cultures were deprived of microglia by shaking for 5 h and incubating with 5 mM L-leucine methyl ester (32) . To identify astrocytes, cultures were stained immunocytochemically for glial fibrillary acidic protein (GFAP) (Sigma, St. Louis, MO, USA), a specific marker for astrocytes. Analysis of the cultures has shown that 90% -95% of cells were GFAPpositive. About 1% -2% of cells in cultures reacted with Ricinus Communis Agglutinin-1, a lectin that binds to surface glycoproteins on microglia (Vector, Burlingame, CA, USA). No neurons, as confirmed by an immunocytochemical staining method using monoclonal antibodies against MAP-2 (Promega, Madison, WI, USA), were detected. All experiments were performed three times on 21-day-old cultures.
Treatment of astrocyte cultures
Prior to the experiment, the cells were incubated overnight with fresh medium. At the 21st DIV, cultures of astrocytes were placed in the medium deprived of glucose and serum. Osmolarity of the medium was measured and adjusted to 319 mOsm with mannitol and cell cultures were incubated for 8 h in the ischemia simulating conditions (oxygen glucose deprivation, OGD): 92% N 2 , 5% CO 2 , and 3% O 2 at 37°C (CO 2 incubator; Heraeus, Hanau, Germany). Cells were treated with FK506 (10, 100, and 1000 nM) and CsA (0.25, 1, and 10 µM) during 8-h-long simulated ischemia. CsA was purchased from Sigma, and FK506 from Calbiochem (Darmstadt, Germany). Drugs were dissolved in ethanol at an initial concentration of 1 mM. Further dilutions were performed in the appropriate medium. Corresponding amounts of ethanol were added to the control cultures.
Hoechst 33342 staining
Apoptosis of astrocytes was determined by Hoechst 33342 (Sigma) staining, which allows determination and quantification of cells with fragmented and condensed chromatin. After washing with phosphate-buffered saline (PBS), astrocytes cultured on coverslips were fixed for 10 min with a 4% paraformaldehyde at room temperature (RT). Subsequently, after being washed twice with PBS, the samples were dehydrated first in 70% ethanol and then in absolute ethanol.
The samples were kept at −20°C until they were stained with Hoechst 33342 (5 µg / ml in PBS) for 5 min at RT. Then the cells were washed again with PBS. Cell nuclei analysis was conducted with the fluorescence imaging MiraCal Pro III workstation (Life Science Resources Ltd., Cambridge, UK) that used an inverted microscope Eclipse TE200 (Nikon, Tokyo) (ex / em 340 / 510 nm). A 20× objective was used. The number of apoptotic nuclei was determined on at least six randomly selected areas from three coverslips of every experimental group, each containing approximately 200 cells.
Experiments were repeated on three separate cultures. The results were expressed as a percentage of apoptotic cells relative to the total number of cells.
MTT conversion
Cell viability of astrocytes treated with FK506 and CsA was evaluated with the MTT conversion method (33) . The ability of the cells to convert MTT indicates mitochondrial integrity and activity, which might in turn indicate cell viability. The cleavage of the tetrazoline ring in MTT takes place mainly with the participation of the mitochondrial succinate dehydrogenase and depends on the activity of the respiratory chain and the redox state of the mitochondria (33, 34) . MTT (final concentration: 0.25 mg / ml) was added to the medium 3 h before the scheduled end of the experiment and then the cultures were incubated at 37°C in proper conditions. At the end of the experiment, after being washed twice with PBS, cells were lysed in 100 µl dimethyl sulphoxide, which enabled the release of the blue reaction product -formasan. Absorbance at the wavelength of 570 nm was read on a microplate reader and results were expressed as a percentage of absorbance measured in control cells.
Cellular oxidative stress: 2',7'-dichlorofluorescein (DCF) fluorescence
Cellular oxidative stress was determined on the basis of reactive oxygen species (ROS)-mediated conversion of 2',7'-dichlorofluorescein diacetate (DCF-DA) into fluorescent DCF. This assay allows measurement of cellular oxidation in viable cells (35) . Cultured astrocytes were loaded with 100 µM DCF-DA by incubating for 50 min. Cells were washed three times with HBSS and DCF fluorescence was quantified using a Fluoroscan microplate reader (Labsystems, Vantaa, Finland). The dye was excited at 485 nm, and emission was filtered using a 538 nm barrier filter. ROS production was expressed as a percentage of control cells.
Mitochondrial transmembrane potential: JC-1 fluorescence
JC-1 is a sensitive fluorescent dye used to determine MTP (36) . The uptake of JC-1 dye is directly related to MTP across the mitochondrial inner membrane (35) . Cultured astrocytes were loaded with 10 µM JC-1 for 20 min by incubation at 37°C. Cells were washed three times with HBSS and depolarization of inner mitochondrial membrane was assessed by JC-1 fluorescence intensities using a fluorescence microplate reader (Fluoroscan). The dye was excited at 485 nm, and emission was filtered using 590 nm barrier filter (Jaggregates). During the measurements, cells were maintained at 37°C and protected from light. Fluorescence intensity was measured for <2 s to minimize photobleaching. All fluorescent measurements were corrected for autofluorescence of cells not loaded with JC-1; the value was constant throughout the experiment. In the control study, no photobleatching was observed during fluorescence assay. JC-1 red fluorescence intensity was expressed as a percentage of the control.
Measurement of AA release
The procedure for measuring AA release from [
3 H]arachidonate-labeled cells was essentially as described by Samanta et al. (37) and Xu et al. (38) with some minor modifications. Briefly, 0.1 µCi of [ 3 H]AA (NEN, Boston, MA, USA; specific radioactivity of 50 Ci/ mol) was suspended in the 1 ml DMEM containing 0.5% (w / v) BSA and added in the 4th hour of exposure to normoxia or ODG directly to primary cultures of astrocytes on 35-mm dishes for the next 4 h. AACOCF 3 (1,1,1-trifuoromethyl-6,9,12,15-heieicosatetraen-2-one) as a cPLA 2 inhibitor (Sigma) was prepared as an ethanol stock solution (1 mM) and added to the culture medium at the final concentration of 1 µM. During OGD exposure, the inhibitor remained in the medium.
After 4 h of incubation at 37°C, approximately 75% of the added radioactivity was incorporated into phospholipids. Unincorporated [
3 H]AA was removed by three successive washings with buffer A (145 mM NaCl, 5.5 mM KCl, 1.1 mM MgC1 2 , 1.1 mM CaC1 2 , 5.5 mM glucose, 20 mM HEPES, 0.5 mg / ml BSA, pH 7.4). Then, astrocytes were incubated in buffer A for 30 min at RT, followed by incubation for 30 min at 37°C. The cell culture media were transferred to scintillation tubes and radioactivity in the supernatant was determined using a Beckman S 6000 IC liquid scintillation counter (Beckman Instruments Inc., Fullerton, CA, USA).
The results were expressed as a percentage of the control.
Western blotting
Astrocyte cell cultures were washed with ice-cold PBS and the proteins were extracted with 150 µl lysis buffer [50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.5% Igepal, 0.1% sodium dodecyl sulfate (SDS), 10 µg/ ml phenylmethysulfonyl fluoride, 10 µg / ml leupeptin, 10 µg / ml pepstatin, and 10 µg/ ml of heat activated sodium ortovanadate]. After 20 min on ice, the cell lysates were centrifuged at 12 000 × g for 15 min at 4°C. The protein concentrations in the samples were determined according to Bradford (39) with serum albumin as a standard.
Homogenate aliquots (40 µg protein) were mixed with an equal volume of sample buffer [62.5 mM Tris-HCl, 2% (w / v) SDS, 100 mM DTT, 0.2 mM 2-mercaptoethanol, 20% glycerol and 0.2% bromophenol blue, pH 6.8], boiled for 5 min, separated on a 10% SDS-polyacrylamide gels, and transferred to nitrocellulose membranes.
For immunodetection of cPLA 2 (both phosphorylated and unphosphorylated form), 40 µg of cell lysate was separated in a 20 cm 10% SDS-polyacrylamide gel at 40 mA / gel for 6 h at RT (38) . For CaN immunodetection assay, 40 µg of cell lysate was resolved in a 10% SDS-polyacrylamide gel at 100 mV for 2 h at RT. The protein bounds was visualized on autoradiographic film (Hyperfilm-Kodak (Sigma) using the ECL kit (Amersham Pharmacia Biotech, Piscataway, NJ, USA). After the striping process and blocking in 5% non-fat dry-milk TBST, all membranes were incubated again with a 1:400 dilution of mouse anti-β actin antibody (MP Biomedicals Inc., Solon, OH, USA) in TBST containing 0.1% BSA for 2 h at RT. Then, the membranes were incubated with a 1:5000 dilution of HRP-linked sheep anti-mouse IgG antibody in TBST containing 5% (w / v) non-fat milk for 1 h at RT. The actin-AR-HRP was visualized on autoradiographic Hyperfilm-Kodak (Sigma) using an ECL kit.
The molecular weights of CaN A and cPLA 2 were estimated by electrophoresis of pre-stained protein marker (BenchMark TM Pre-Stained Protein Ladder; Invitrogen, Paisley, UK). The protein bands on the immunoblot were quantified using a NucleoVision apparatus and the GelExpert 4.0 software (NucleoTech, San Mateo, CA, USA). All experiments were repeated three times and the values of relative optical density were subjected to statistical analysis.
Statistical analysis
One-way analysis of variance (ANOVA) was used to compare mean responses among the treatments. For each endpoint, the treatment means were compared using the Bonferroni least significant difference procedure. In all analyses, P value <0.05 was considered as statistically significant. All data were expressed as a mean ± S.D.
Results
Effect of FK506 and CsA on apoptosis
In the initial experiment, we investigated the effect of FK506 and CsA on the apoptotic death of astrocytes placed in medium deprived of serum and glucose and exposed to 92% N 2 , 5% CO 2 , and 3% O 2 for 8 h. Observations under fluorescent microscopy revealed that OGD significantly damaged cultured astrocytes (Fig. 1A) . Nuclei of cells treated with CsA (at all used concentrations) as well as 1 µM FK506 did not show any visible changes in condensation of chromatin compared to untreated cultures in normoxia. However, the morphology of astrocytes nuclei exposed to 10 nM FK506 appeared to be similar to OGD group.
Quantitative results were obtained by counting the number of apoptotic cells stained with Hoechst 33342. We found that OGD significantly increased the number of apoptotic nuclei in comparison with the normoxic conditions (Fig. 1B) . CsA significantly rescued cells from OGD-induced damage, and its most significant protective effect was observed at the concentration of 10 µM. Also FK506, but only at the concentration of 1 µM, significantly rescued cells from OGD-induced damage. No significant changes were observed in percentage of apoptotic cells when the cultures were exposed to 10 nM FK506. Figure 2 presents the effect of immunophilin ligands on MTT conversion into formasan dye in the cultures of rat astrocytes. The 8-h exposure of astrocytes to OGD resulted in 47% attenuation of MTT conversion. A substantial increase of MTT conversion in OGD stimulated both by FK506 and CsA indicated a significant restoration of mitochondrial activity. Figure 3 shows the effects of FK506 and CsA on cellular oxidative stress. Simulated in vitro ischemia considerably increased DCF fluorescence, indicating that OGD stimulated ROS production in cultured astrocytes. Figure 3 depicts a substantial decrease of DCF fluorescence observed in OGD-exposed astrocytes evoked by CsA (0.25 -10 µM) and FK506 (1 µM), indicating a significant attenuation of cellular oxidative stress. Furthermore, treatment with l0 and 100 nM FK506 only slightly decreased the DCF fluorescence, and this effect in comparison with untreated cells during OGD was not statistically significant. 
Effect of FK506 and CsA on MTT conversion
Effect of FK506 and CsA on ROS production
Effect of FK506 and CsA on the expression of CaN A
The expression of CaN (α-subunit) in astrocytes treated with FK506 and CsA in OGD conditions was analyzed by Western-blot method (Fig. 4) . After an 8-h period of ischemia, the expression of CaN was significantly higher (about 25%) than in the control. We have observed significant decrease in the level of α subunit of CaN in astrocytes treated with 10 µM CsA during OGD (to the 58% of normoxic control). Similar CaN expression was observed in both untreated ischemic cells and ischemic cells exposed to 10 and 100 nM FK506 as well as 1 µM concentration of CsA. Treatment of astrocytes with 1000 nM FK506 in OGD decreased the expression of CaN in comparison with the OGD group and the level of this phosphatase was close to the control value.
Effect of FK506 and CsA on MTP Figure 5 shows the results of the influence of FK506 and CsA on MTP. Severe depolarization of the inner mitochondrial membrane, as indicated by the loss of the red fluorescence (J-aggregates), was observed in astrocytes after 8 h of OGD. Administration of 1 µM Fig. 2 . Effect of FK506 and cyclosporin A (CsA) on cell viability of cultured rat astrocytes exposed to normoxia or OGD measured by MTT conversion assay. Astrocytes were exposed to normoxia or OGD and treated with FK506 (10 -1000 nM) and CsA (0.25 -10 µM). The results are presented as a percentage relation of the control value in normoxia. Each value is the mean from twelve wells ± S.D. from three separate experiments (n = 12); *P<0.05 vs normoxia, # P<0.05 vs OGD. from experimental groups were analyzed by immunoblotting using polyclonal anti-cPLA2. Blots shown are each representative of three independent experiments. B: Quantification of P-cPLA2 and cPLA2 expression in astrocytes exposed to normoxia or OGD and treated with the indicated doses of FK506 and CsA. The results are shown as a percentage relation of the control value in the normoxia conditions. Each value is the mean ± S.D. from three independent experiments; *P<0.05 PcPLA2 vs normoxia, # P<0.05 P-cPLA2 vs OGD, + P<0.05 cPLA2 vs normoxia, $ P<0.05 cPLA2 vs OGD. Effect of FK506 and CsA on the AA release and cPLA 2 phosphorylation
To determine whether the differences in the influence of FK506 and CsA on CaN are also associated with the various effects on cPLA 2 expression, we examined the effects of these compounds on AA release and cPLA 2 phosphorylation. As indicated in Fig. 6 , cellular exposure to OGD for 8 h markedly increased the release of AA (to 225%). This effect was attenuated by FK506 at concentration as high as 1 µM. In addition, an increase of CsA dosage significantly decreased AA release from OGD-injured astrocytes. Furthermore, AACOCF 3 (1 µM) inhibited AA liberation, especially in the experimental group of cells treated with 1 µM FK506, 0.25 µM CsA, and 10 µM CsA.
Since cPLA 2 is activated through phosphorylation and a membrane translocation mechanism, we examined whether FK506 and CsA affected the phosphorylation of cPLA 2 in OGD exposed astrocytes (38) . Figure 7 illustrates the effect of these compounds on the expression of phosphorylated cPLA 2 (p-cPLA 2 , upper panel) and unphosphorylated cPLA 2 (cPLA 2 , lower panel) determined by the Western-blot method. As shown in Fig. 7 , exposure of astrocytes to OGD significantly increased phosphorylation of cPLA 2 , as demonstrated by upward electrophoretic mobility shift of cPLA 2 (26) . Phosphorylation intensity of cPLA 2 in astrocyte cultures exposed to OGD were markedly attenuated after treatment with 1 µM FK506, reaching to 89% and at 0.25 and 10 µM CsA, reaching to 80.3% and 88.6%, respectively. Furthermore, the expressions of p-PLA 2 and cPLA 2 after 100 nM FK506 addition were similar to those observed after the exposure to OGD alone (Fig. 7) .
Discussion
There are some data suggesting that low concentrations of immunosuppressants, for example, FK506 and CsA, possess a distinct anti-apoptotic effect on neuronal and glial cells, but the intracellular pathways involved in their anti-apoptotic mechanism are not fully recognized (40 -42) . The anti-ischemic potential of CsA and FK506 has been intensively investigated in various animal ischemia models, for example, models of transient focal ischemia (43, 44) , global ischemia (45), or excitotoxic cell death (46 -48) . Most of the experimental data confirm the importance of immunophilin binding and suggest a main role for CaN inhibition in the establishment of CsA and FK506 protective effects (49, 50) .
CaN is a Ca
2+
-dependent protein phosphatase involved in pathological states including brain ischemia. It is well known that CaN predisposes neuronal and glial cells to apoptosis through dephosphorylation of proapoptotic Bad protein, binding Bad, and subsequent inactivation of anti-apoptotic proteins Bcl-X L and Bcl-2, increase of caspase-3 activity, and attenuation of the expression of anti-apoptotic genes (51, 52) . CaN is also an enzyme involved in dephosphorylation of nNOS processes and increase of its activity. The experimental data indicate that NO production by nNOS (also functioning in glial cells) and consequently, free radicals produced from NO exacerbate ischemic brain cells injury (10, 11, 47) .
In the present study, we have used an experimental model of simulated in vitro ischemia developed in our laboratory, which may contribute to clarification of the mechanisms of drugs ameliorating ischemia-induced brain dysfunction (53, 54) . In our experimental paradigm, we have chosen an 8-h period of cell exposure to OGD because in the preliminary study we have shown that in this time, the most intensive increase in CaN and cPLA 2 expression was observed (data not shown).
Consistently with data obtained on cell viability measured by the MTT conversion assay, percentage of apoptotic cells in cultures and cellular oxidative stress, we have observed a distinct cytotoxic effect in 8-h-long exposure to OGD. CsA at 0.25 -10 µM concentrations as well as 1 µM FK506 effectively protected cells from this type of ischemic injury. The results of our cellular viability studies indicated that addition of 10 or 100 nM FK506 to the culture medium apparently had no positive effect on ischemic astrocytes (Fig. 1) .
In primary cultured neuronal cells, Asai et al. (55) reported that there was high activity of CaN associated with caspase-mediated apoptosis, which was reduced by CsA. In our experimental paradigm, CsA also significantly influenced CaN expression in ischemic astrocytes. We observed the most distinct CaN inhibition in the cells treated with 10 µM CsA. This effect was weaker after the addition of 0.25 and 1 µM CsA into the culture medium. In our previous study, we have shown that the effect of decrease in CaN expression by CsA was accompanied by increase in anti-apoptotic factors like Bcl-X L protein and nuclear factor NF-κB expression as well as with attenuation of caspase-3 proteolytic activity (in press). However, FK506 attenuated the CaN expression only at the concentration of 1 µM.
One of the possible explanations of the heterogeneous response of ischemic astrocytes to FK506 and CsA, which we have observed in our study, could be the different effect on MPTP). The MPTP participates in the release of proapoptotic proteins through at least two mechanisms: swelling-dependent rupture of the outer mitochondrial membrane and remodeling mitochondrial cristae, which increases the availability of cytochrome c for release (56, 57) .
In all experimental paradigms studied in vitro, whether on cells of nonneuronal or neuronal origin, CsA proved to be an almost specific inhibitor of the MPT and also completely prevented mitochondrial swelling in situ (58) . CsA administered in vitro in low concentrations (with apparent I 50 in submicromolar range) blocked the development of MPTP, attenuated disruption of transmembrane potential, and consequently, prevented the subsequent events leading to apoptotic cell death (59) . However, it is suggested that CsA inhibition of MPTP does not require interactions with CaN (60).
Our results of the MTP assay also indicated that influence on mitochondrial permeability transition might be involved in the protective effect of CsA towards ischemic astrocytes (Fig. 5) . We have observed that CsA significantly prevented mitochondrial depolarization in ischemic astrocytes as measured by JC-1 fluorescence. FK506 had a detrimental effect on MTP, because a distinct increase in JC-1 probe red fluorescence intensity was observed just after 1 µM addition. Our results are generally consistent with other reports on the mitochondrial effects of CsA and FK506. Uchino et al. (61) have demonstrated that CsA, but not FK506, suppress mitochondrial swelling. These studies have also shown that CsA blocked or strongly reduced mitochondrial release of cytochrome c, whereas FK506 exerted a weak effect on cytochrome c release. On the basis of the obtained results we now suppose that the observed effects of CsA and FK506 on mitochondrial function might be caused by differences in their influence on cPLA 2 activity. In brain ischemia, where the increase of AA release as a result of cPLA 2 action is a key pathogenic event, MPTP opening, uncoupling respiration and oxidative phosphorylation and prominent mitochondrial swelling in situ can be observed (62, 63) . In ischemic cell death, the activation of mitochondrial PLA 2 through generated superoxide lead to breakdown of the lipid backbone of the inner mitochondrial membrane and gives rise to a nonspecific increase in mitochondrial membrane permeability (64) . Furthermore, free AA itself can affect the mitochondrial function including oxidative stress that may activate PKC, protein kinase A, NADPH oxidase, and GTPase-activating protein (65, 66) . Scorrano et al. (67) have demonstrated that AA added to isolated liver mitochondria causes apoptosis exclusively through a mitochondrial pathway, and blocking the MTPT-inducing effects of AA with CsA also blocks commitment to apoptosis.
Numerous studies have used AA release as a marker for cPLA 2 activity (23). To confirm the specific role of cPLA 2 in the mechanism of FK506 and CsA actions, we have examined the effect of the cPLA 2 inhibitor AACOCF 3 (1 µM) on AA release. Incubation of primary astrocyte cultures in ischemic conditions efficiently stimulated the release of AA, which was partially prevented by pharmacological inhibition of cPLA 2 . Although a minor contribution of an AACOCF 3 -insensitive PLA 2 (e.g., group II: sPLA 2 ) in ischemia induced AA release cannot be ruled out, the inability of the inhibitor to completely suppress the release of AA might be also dependent on its low cellular uptake. Since it was shown that AACOCF 3 is not always efficiently taken up in some cell types (e.g., C6 glioma cells) (68) .
It is intriguing that FK506 only at concentration of 1 µM and CsA at all concentrations used in this experiment attenuated the activity of cPLA 2 (both phosphorylated and unphosphorylated form) and inhibited the release of AA. Results of these studies are also associated with Western blot analysis of decreased level of CaN expression.
Furthermore, limited effects of FK506 on AA release and cPLA 2 activity reported in the present study are in agreement with previously published results of studies performed on cell types other than astrocytes (69, 70 ).
Yet, our findings document a key role for inhibition of not only CaN but also cPLA 2 as well as arachidonic acid release in the cytoprotective mechanism of FK506 and CsA. The identification of the cross-talk between cytokine-, PKC-, and MAPK-signaling pathway in attenuation of cPLA 2 activity in ischemic astrocytes after FK506 and CsA treatment is under active investigation in our laboratory.
